INTRODUCTION
Many researchers have reported water quality characteristics of natural waters in granitic rocks of various localities. These include mineral waters from the Tanzawa Mountains (Oki et al., 1964) , hot spring waters of Dogo Sato and Ishihara, 1983; Shimizu, 1986; Ozaki et al., 2002) . Solid squares show sample locations of the Fuefukigawa, Omokawa, Hikawa, and Kanegawa rivers by Nakamura et al. (2008) 
Fig. 1. Geological map and sample locations of the hot spring waters near the Miocene granitic complex surrounding the Kofu basin in the South Fossa Magna region (after

. Solid triangles with numbers show major mountains and heights above sea level (meters). Thin broken line shows major watershed boundaries.
kaolinite and Ca-motmorillonite. They also indicated an additional Ca-mineral in the equilibrium system, although its species was not clearly determined. In addition, they stated that such spring waters have not gathered enough attention because of their low temperature, concentration, and abundance. However, in recent years, the importance of the hydrochemical elucidation of those waters has increased due to hot spring use (e.g., Tanaka, 1989) , the need to evaluate granitic rocks for radioactive waste disposal (e.g., Iwatsuki and Yoshida, 1999; Ajima et al., 2006) , or the prevention of anthropogenic contamination by N, P, and S in the water supply.
According to Sasaki (2004) , who reviewed the geochemistry of groundwater in the granitoids of Japan, the geochemical features of groundwater in granitoids derived from meteoric water includes low salinity, Ca·Na-HCO 3 type with slightly acidic to neutral pH at shallow levels in addition to Na-HCO 3 type with slightly alkaline pH at deep levels. Water quality is controlled by water-rock interactions, such as the dissolution and precipitation of calcite, plagioclase weathering, and ionexchange reactions of clay minerals. However, the origin of the SO 4 2-ion, which generally exists in trace amounts in granitic groundwater, has not been clearly described thus far.
The Miocene Kofu granitic complex surrounding the Kofu basin in the South Fossa Magna region of central Honshu is the most suitable site for discussing the hydrochemistry of groundwater in granitoids for the following reasons: We can easily discuss the relationships between the hydrochemical features of water and rock composition because the Kofu granitic complex consists of several different types of granitoids (e.g., Sato and Ishihara, 1983) . Moreover, because a number of sources of alkaline water such as natural springs and drilled wells have been used for hot spring bathing purposes extensively around the complex, we can easily collect water samples. Although the water quality characteristics concerning these alkaline waters have been reported by many researchers (e.g., Takamatsu et al., 1981; Kato et al., 1987 Kato et al., , 1988 Aikawa, 1995) , the water-rock interaction that describes the origin of SO 4 2-ion and the isotopic compositions of δD, δ 18 O and δ 34 S have not been previously clarified.
In the present study, we analyzed the chemical and isotopic composition (δD, δ 18 O, and δ 34 S) of hot spring waters around the Miocene Kofu granitic complex area to investigate the water-rock interactions and determine the origin and sulfur isotopic characteristics of their trace amounts of SO 4 2-ion content.
OVERVIEW OF GEOLOGY
A simplified geological map and sample location of the hot spring waters around the Kofu granitic complex surrounding the Kofu basin in the South Fossa Magna region of central Honshu are shown in Fig. 1 . The study area is located at the intersection of the Shimanto terrain and the Fossa Magna. The Shimanto group of the Cretaceous age and the granitic complex of the Miocene age have been unconformably covered by volcanic rocks of the Plio-Pleistocene age at the northern region of the Kofu basin (Mimura, 1971) . The Nishiyatsushiro group consists mainly of submarine basalt to andesite volcaniclastic rock and lava, with mudstone, sandstone, and dacite volcaniclastics of middle Miocene age (Ozaki et al., 2002; Matsuda, 2007) . The Kofu granitic complex is divided into the following four units based on the timing of intrusion and composition (Sato and Ishihara, 1983) : Syosenkyo-type monzogranite (14-11 Ma; Tsunoda et al., 1992) , Tokuwa-type granodiorite (10-9 Ma; Matsumoto et al., 2007) , Ashigawa-type tonalite (12 Ma; Sato, 1991; 11 Ma: Saito et al., 1997) , and Kogarasu-type granodiorite (4 Ma; Shibata et al., 1984) . The former two types intruded sedimentary rocks of the Shimanto group, whereas the latter two intruded the latest Miocene-early Pliocene volcanic rock formations. The Kogarasu type caused hydrothermal alterations to the latest Miocene-early Pliocene volcanic rocks in several areas (Takashima and Kosaka, 2000; Kanamaru and Takahashi, 2008) . According to Sato and Ishihara (1983) and Shimizu (1986) , the Syosenkyo type and the marginal part of the Tokuwa type have low magnetic susceptibility corresponding to the ilmenite series due to solidification under reducing conditions caused by the contamination of magma with carbon-bearing sedimentary rocks of the Shimanto group. By contrast, the Ashigawa and Kogarasu types and the inner part of the Tokuwa type have high magnetic susceptibility that corresponds to the magnetite series.
SAMPLING AND ANALYTICAL PROCEDURES
We collected 14 samples of hot spring waters from natural discharge and drilled wells in the ilmenite and magnetite series of granitic rocks and volcanic rocks in the area (Fig. 1) . Additionally, we collected drilling data such as well depth, temperature logging, and underground geology by interviewing the owner or facility manager. Most well water samples were collected after running for several minutes from the valve located at the well head; two water samples, Nos. 5 and 8, were collected from a holding tank. Temperature, electrical conductivity, and pH were directly measured using a standard, hand-held, calibrated meter (Horiba D-24). The total alkalinity (Alk) was determined by titration with sulfuric acid to a final pH of 4.8 (Hach AL-DT LC-VP). Total Fe was measured by atomic absorption spectrophotometry (Shimadzu AA-6200), and Al 3+ was measured by spectrophotometry using Eriochrome Cyanine R (Hach DR-2800); however, these parameters in all samples were below detection. The SiO 2 was analyzed by spectrophotometry using the molybdenum yellow method (Shimadzu UV-1650PC).
Isotopic compositions of hydrogen (D/H) and oxygen ( 18 O/ 16 O) were measured by a mass spectrometer connected on-line to a gas chromatograph (GV Instruments Isoprime-EA). For oxygen and hydrogen isotope analysis, water samples were decomposed in an oxygen-free environment by heating at 1050°C to produce H 2 analysis and at 1260°C to produce CO; the product gases were chromatographically separated and introduced into an ion source of the mass spectrometer. For the six samples collected in 2012, however, we used cavity ring-down spectroscopy coupled with a vaporizer (Picarro, L2120-i) to analyze the isotopic compositions of hydrogen and oxygen. Sulfur isotope ( 34 S/ 32 S) analysis of dissolved SO 4 2-was also performed using an Isoprime-EA mass spectrometer. The dissolved SO 4 2-in the water samples was collected as BaSO 4 and mixed with V 2 O 5 as a combustion aid. The mixture was then heated to decompose into SO 2 gas, which was then introduced to the mass spectrometer. Hydrogen, oxygen, and sulfur isotopic compositions are reported as δD, δ 18 O, and δ 34 S (‰) variations relative to a standard using the following notation: 
RESULTS AND DISCUSSION
Chemical and isotopic compositions and relationship with bedrock
The analytical results are listed in Table 1 , and a trilinear diagram for the water samples is presented in Fig.  2 . In the granitic rocks area, temperatures of the samples ranged from 10.9 to 42.5°C, and the pH was between 9.2 and 10.3. All of the samples are Na-Alk type without exception. By contrast, temperatures of the samples from the volcanic rocks area ranged from 18.8 to 43.2°C, and the pH varied from 7.3 to 9.9. The waters were subdivided into Na-Alk type (No. 11), Na-SO 4 type (Nos. 9, 12, and 13), Na-SO 4 ·Cl·Alk type (No. 14), and Ca-SO 4 type (No. 10).
All water samples from the ilmenite series of granitic rocks had negative δ 34 S values between -15.1‰ and -4.1‰, whereas the water samples from the magnetite series granitic area had positive δ 34 S values between +1.7‰ and +8.0‰. Waters from the volcanic rocks area showed a wide range of δ 34 S values from -4.1 to +13.6‰. Sample Nos. 2, 3, and 4 were from a sedimentary rock formation of the Shimanto group (Fig. 1) . However, based on an interview with the well owners, we believe that the waters originated from the underlying ilmenite series granitic rock that intersected the bases of these wells. These three samples gave off an obvious odor of hydrogen sulfide.
Origin of the hot spring waters
Except for the water sample from well No. 10, the electrical conductivities were low, between 10.7 mS/m and 39.0 mS/m. The δD and δ
18 O values of the water samples ranged from -82.6‰ to -71.6‰ and from -11.9 to -10.6‰, respectively. These isotope values are similar to those of waters from rivers near the hot spring sites reported by Nakamura et al. (2008) . The sampling points of river water are expressed as a closed square in Fig. 1 , and the average altitude of the river watershed is shown in Table 2 . These characteristics of electrical conductivity and δD and δ
18 O values suggest that the hot spring waters are meteoric in origin.
The recharge altitude of the meteoric water can be estimated based on the altitude effect of the isotopic composition. Based on Nakamura (2008) , the relationship between δ
18 O values and the altitude of precipitation in the northeastern Kofu basin was represented by the following equation:
The average recharge altitudes of the sources of the hot spring waters were calculated as follows: 947 m for No. No. 14 at 450 m. Therefore, the hot spring waters were recharged at the same altitude or higher than those of the hot spring sites, as shown in Table 1 . The temperature-depth profile of well No. 1 shows a linear gradient typical of conduction (Fig. 3) , indicating that the waters were trapped in pore space and stagnant rather than flowing upward. Under stagnant flow conditions and limited atmospheric CO 2 supply in the fine fractures of the granitic rocks at deep layer levels, the progress of water-rock interaction process was limited. These con-ditions are attributed to the low concentration of dissolved chemical constituents of the hot spring waters.
Formation mechanisms of hot spring water quality
(1) Weathering of plagioclase The hot spring waters had Na + and alkalinity as major chemical components but low concentrations of Mg 2+ . Furthermore, particularly in the granitic rocks area, water samples exhibited a strong correlation between Na + and alkalinity ( Fig. 4 ; R 2 = 0.77). These chemical properties suggest that the quality of hot spring waters in the granitic rocks area was influenced by the montmorillonization of plagioclase. Plagioclase is a solid-solution series between an albite and an anorthite end member and reacts with rainwater and atmospheric CO 2 by the following equations: (Figs. 5a and b) . Although the weathering rate of anorthite is faster than albite (Blum and Stillings, 1995) , waters in the granitic rocks area had a dominant pattern of Na + > Ca 2+ . This result can be attributed to an abundance of albite in intermediate-acid igneous rock (Kuroda and Suwa, 1983) and Ca 2+ exchange with Na + of Na-montmorillonite. Moreover, because the waters in the granitic rocks area Nakamura (2008) were supersaturated with respect to calcite (Fig. 6a) , calcite precipitation may also have reduced Ca 2+ concentrations in the waters.
(2) Oxidation of sulfides In the waters from the granitic rocks area, Nos. 1-8, the concentrations of SO 4 2-ion ranged from 4.9 mg/L to 24.3 mg/L. Based on the report on recent atmospheric deposition in Yamanashi Prefecture (Sasaki et al., 2009) , the annual average concentrations of SO 4 2-ion in the precipitation in 1988, 1989, 1990, and 2009 were calculated at 1.63, 1.52, 1.49, and 0.99 mg/L, respectively. Because the SO 4 2-ion concentration in the precipitation was low, the origin of the SO 4 2-ion in hot spring waters does not appear to originate from precipitation. By contrast, the average sulfur contents of ilmenite series and magnetite series granitic rocks in Japan are 630 mg/kg and 270 mg/kg, respectively (Sasaki and Ishihara, 1979) . This sulfur content is likely rich enough to be the origin of the SO 4 2-ion in the hot spring waters. Although the sulfur in the granitic rocks is manifested in several different chemical forms such as sulfide or sulfate minerals (Sasaki and Ishihara, 1979) , sulfide minerals, particularly pyrite, are likely abundant in the study area (Tsunoda et al., 1992; Shimizu et al., 1995; Kanamaru and Takahashi, 2008; Takashima and Kosaka, 2000) . Because pyrite is oxidized in oxygen-rich conditions close to the surface by the following reaction (Appelo and Postma, 2005) , we consider that the trace amounts of SO 4 2-ion in the hot spring water may have originated from the oxidation of pyrite. In consideration of the alkaline pH of the water samples, it is presumed that the H + released by the preceding pyrite oxidation was consumed by the interaction with plagioclase, as shown in Eqs. (4) and (5). Assuming reaction (4) and subsequent ion exchange reaction, the Na + / Alk mEq ratio in the water was calculated to be up to 1.167, whereas the Na + /Alk ratio in the sample water was slightly high at 1.219 (Fig. 4) . We also consider that the reason for a high Na + /Alk ratio in the water samples is partly attributed to montmorillonization of the plagioclase progressing without an alkalinity increase because the H + from the sulfide oxidation directly caused the plagioclase weathering (reactions (4) and (5)). The total equivalent amount of H + is the same as that of SO 4 2-in reaction (6), and the difference between Na + and SO 4 2-concentrations in mEq/L of the water samples is approximately equal to the alkalinity concentration in mEq/L (Fig. 7) . This correlation can support the hypothesis that part of the plagioclase weathering was caused by the H + from sulfide oxidation. Nos. 2, 3, and 4 show conspicuous differences in the correlation of Fig. 7 . We inferred that this ionic imbalance is likely due to SO 4 2-reduction to H 2 S in the anaerobic underground because these samples had an obvious hydrogen sulfide odor. The δ 34 S values of SO 4 2-ions in the Na-Alk type waters in the ilmenite series ranged from -15.1 to -4.1‰, whereas the those for waters from the magnetite series area all ranged from +1.7 to +8.0‰. These sulfur isotopic characteristics are remarkably similar to the specific sulfur isotope trend of granitoids and sedimentary rocks of the Shimanto group in Japan reported by Sasaki and Ishihara (1979) . In that study, the δ 34 S of the ilmenite series granitoids were mostly negative, from -11 to +1‰, whereas the magnetite series granitoids were positive, from +1‰ to +9‰. Sedimentary rocks of the Shimanto group also had negative δ 34 S values, from -21.5 to -1.4‰. Additionally, Sasaki and Ishihara (1979) determined that the low δ 34 S values of the ilmenite series granitoids are a result of the assimilation by the magma of sulfur from sedimentary rocks. This correspondence between the δ 34 S values of water samples and geological distribution strongly supports the hypothesis that trace amounts of the SO 4 2-ion in the Na-Alk type waters in the granitic rocks originated from the oxidation of the pyrite. A low δ 34 S value in the Katsunuma hot spring (-15.1‰; No. 2) was (Tardy, 1971 (Takashima and Kosaka, 2000) . This alteration was sub-divided into an alkaline alteration zone that occurs throughout the area and several acidic alteration zones that occur locally (Takashima and Kosaka, 2000) . Acid alteration is well developed near Yakeyama-toge where a silica and alunite zone exists that contains natroalunite and alunite. Adjacent to this is a clay zone, next to this a mixed layer clay zone followed by a montmorillonite zone (Takashima and Kosaka, 2000) . Six water samples from the altered volcanic rocks area north of the Kofu basin, Nos. 9-14, had different concentrations of SO 4 2-ion. These waters were undersaturated with respect to anhydrite (Fig. 6b) , and the sample from the Sekisuiji 2 hot spring, No. 10, had high concentrations of Ca 2+ and SO 4 2- (Table 1; Ca  2+ /  SO 4 2-ratio of 0.9), suggesting the contribution of anhydrite dissolution. Anhydrite is a hydrothermal mineral commonly found in active geothermal fields around the world (Browne, 1978) . In addition, anhydrite as an alteration mineral has been recognized in geothermal systems of Japan including Hatchobaru (Kiyosaki et al., 2006) , Fushime (Akaku et al., 1991) , Hakone (Matsumura and Fujimoto, 2008) , and Kakkonda (Muramatsu et al., 2000) . Further details of alteration minerals and chemical equilibrium in Japanese geothermal systems have been reported by Chiba (1991) . Considering these previous publications, it is reasonable to infer that the existence of anhydrite was formed via past volcanic activities in underground volcanic rocks within the study area.
Because the water qualities of the six samples were distributed between Ca-SO 4 type and Na-Alk type water in the trilineardiagram (Fig. 2) , it is presumed that the water qualities of the waters were controlled by the cation exchange reaction of Na-montmorillonite, which was caused by plagioclase weathering during the flow process after dissolution of the sulfate minerals; montmorillonite zones actually occur near the Yakeyamatoge (Takashima and Kosaka, 2000) . As shown in the diagram, a strong correlation of the total amount of Na + and Ca 2+ versus the total amount of alkalinity and SO 4 2-concentrations in mEq/L ( Fig. 8 ; R 2 = 0.98) supports this hypothesis.
In addition, calcite precipitation may have occurred in the process of forming Na + and SO 4 2-rich water because mixing of Ca-SO 4 type and Na-Alk type waters caused an elevation of Ca 2+ and alkalinity concentrations. In fact, most of these waters were supersaturated with respect to calcite (Fig. 6a) , and several calcite depositions were recognized in the volcanic rocks near the Kogarasu granitic unit (Takashima and Kosaka, 2000; Kanamaru and Takahashi, 2008) .
Based on aforementioned arguments, hot spring water compositions in the altered volcanic rocks area appear to be controlled by the dissolution of anhydrite, the montmorillonization of plagioclase, the cation exchange reaction of Na-montmorillonite, and the precipitation of calcite during the fluid flow and mixing process. ion from water derived from the volcanic rock area ranging from -4.1 to +13.6‰ (Table 1) . Kiyosaki et al. (2006) reported that alunite minerals that have a wide range of δ 34 S values in the Hatchobaru geothermal field; hypogene alunite has a heavy δ 34 S of +23.7‰ at 1238 m underground, whereas the supergene alunite had a lower δ 34 S value of +0.5‰ at 84.8 m underground. They described that this wide dispersion of δ 34 S values for alunite minerals is related to a disproportionation reaction of volcanic gas as shown in Eq. (7), i.e., the hypogene alunite contained 34 S-rich sulfate derived from the disproportionation of volcanic SO 2 gas, whereas the supergene alunite contained 34 S-poor sulfate derived from the oxidation of ascending H 2 S gas in shallow groundwater.
In the Hatchobaru geothermal field, it was also recognized that anhydrite, which belongs to a sulfate mineral group similar to alunite minerals (+12.0 to +23.7‰), also exhibits similar dispersion in δ 34 S values (Kiyosaki et al., 2002) .
In another previous study, Muramatsu et al. (2014) interpreted that the origin of SO 4 2-ion with wide δ 34 S values in hot spring-derived water from the Ikaho and Harunako areas near the Haruna volcano originated from the dissolution of anhydrite, which was produced from the disproportionation reaction between the fluids during an active stage of volcanism.
Considering these previous studies, the reasons for the wide dispersion of δ 34 S values for SO 4 2-ions in the volcanic rocks area can be deduced as follows: The 34 S-rich SO 4 2-ions originated from the dissolution of anhydrite, which was produced from 34 S-rich sulfate in H 2 SO 4 derived from the disproportionation reaction of volcanic SO 2 , whereas the 34 S-poor SO 4 2-ions originated by the dissolution of anhydrite, which was produced from 34 Spoor sulfate derived from the oxidation of ascending H 2 S in the shallow groundwaters, both during the active stage of past volcanism. Sekisuiji 1 (No. 9) and Sekisuiji 2 (No. 10) are mostly co-located, and their SO 4 2-contents showed a high δ 34 S value of +13.6‰ deep underground (No. 10; 1500 m well depth) and a low δ 34 S value of -4.1‰ in the shallow layer (No. 9; natural spring). These results are in agreement with the aforementioned explanation.
CONCLUSIONS
Chemical and stable isotopic compositions of nonvolcanic hot spring waters near the Miocene Kofu granitic complex area surrounding the Kofu basin were analyzed in order to investigate the water-rock interactions and to determine the origin and sulfur isotopic characteristics of the trace amounts of SO 4 2-ion. Three discernible conclusions can be drawn from this study.
(1) Hot spring water samples from granitic rocks were classified as a Na-Alk type without exception, whereas water samples from the volcanic rocks area were classified as Na-Alk, Na-SO 4 , Na-SO 4 ·Cl·Alk, and Ca·SO 4 types. All of the water originated from meteoric water, and the average recharge altitudes of most samples were approximately the same or higher than the altitudes of the hot spring sites.
(2) The Na-Alk water from the granitic rocks area was likely formed by the montmorillonization of plagioclase, cation exchange reaction of Na-montmorillonite, and precipitation of calcite. SO 4 2-ions found in this type were trace amounts derived from the oxidation of sulfide, and H + released by this oxidation process was consumed through the interaction with plagioclase. Trace amounts of SO 4 2-ions in the Na-Alk type reflect the δ 34 S values of granitic rocks and roof sedimentary rocks of the Shimanto group. All of the water samples from the ilmenite series area had negative values ranging from -15.1 to -4.1‰, whereas those from the magnetite series area had positive δ 34 S values ranging from +1.7 to +8.0‰. (3) Na-Alk, Na-SO 4 , Na-SO 4 ·Cl·Alk, and Ca-SO 4 types from the volcanic rocks area to the north of Kofu basin were estimated to be controlled by the dissolution of anhydrite, montmorillonization of plagioclase, cation exchange reaction of Na-montmorillonite, and precipitation of calcite during the fluid flow and mixing process. These waters had a different concentration of SO 4 2-ion, which included a wide range of δ 34 S values from -4.1 to +13.6‰. We inferred that the 34 S-rich SO 4 2-ions originated from the dissolution of anhydrite, which was produced from 34 S-rich sulfate in sulfuric acid derived from the disproportionation of volcanic sulfur dioxide. The 34 Spoor SO 4 2-ions originated from the dissolution of anhydrite, which was produced from 34 S-poor sulfate derived from the oxidation of ascending hydrogen sulfide in shallow ground water during the active stage of past volcanism.
In some cases, the sulfur isotope is used to determine the origin of aqueous sulfate ions. Such is the case for naturally derived aquifer materials and materials derived from anthropogenic pollution (e.g., Torssander et al., 2006; Sato et al., 2008; Noseck et al., 2009; Shikazono, 2011) ; this is not limited to the granitic and volcanic rock areas (e.g., Muramatsu et al., 2010a, b) . However, environmental background data for the δ 34 S values of aqueous sulfate are still not abundant. In a present study, we revealed that the dissolved sulfate ion in the granitic and volcanic rock areas had a wide range of δ 34 S values depending on the formation process of the aquifer rock minerals. This result can be used as environmental back-ground isotope data for the estimation of the origin of sulfate in water samples.
